Introduction
The Arctic is most affected by changing climate more than any other region on Earth. Models project a greater temperature increase than the global mean by the end of the 21st century, resulting in drastic impacts on Arctic environments (Collins et al., 2013; Forbes et al., 2011) . Permafrost-affected soils in northern latitudes contain about 1300 Pg of organic carbon (OC), of which about 800 Pg are permanently frozen , and 66 Pg nitrogen (N) in the uppermost 3 m (Harden et al., 2012) . With warmer climate conditions, permafrost thaws and organic matter (OM) that has been preserved for millennia is subject to degradation. That leads to increased greenhouse gas emissions and, ultimately, climate warming -a process known as the permafrost carbon feedback. However, due to the complexity of environmental processes, the intensity of this feedback remains unclear (Schaefer et al., 2014; Schuur et al., 2015) . Besides being released as greenhouse gases, OM can be redeposited on land or transported to aquatic systems where it can be further mineralized in the water column or buried in sediments (Cory et al., 2013; Letscher et al., 2011; Vonk et al., 2014; Woods et al., 2011) .
Thermokarst is a widespread phenomenon in the Arctic, characterized by ground disturbance and subsidence processes caused by the thawing of ice-rich permafrost (Czudek and Demek, 1970; Grosse et al., 2011; Schuur et al., 2008) . It is of particular importance for the mobilization of OM, as it triggers its release by disturbing the frozen ground Bowden et al., 2008; Vonk et al., 2013) . Thermokarst in upland, inland, sub-Arctic, and High Arctic permafrost regions, was intensively studied focusing on the lability of permafrost carbon, greenhouse gas emissions, release of nutrients (e.g., nitrogen, phosphorus, sulfur), and impacts on aquatic systems Cassidy et al., 2016; Frey et al., 2007; Turetsky et al., 2007) . However, only a few studies are available on coastal thermokarst, which is ubiquitous along the ice-rich permafrost coasts in the Arctic, and on the fate of OM within the coastal environment (Lantuit et al., 2012a; Lantuit and Pollard, 2008; Pelletier and Medioli, 2014) .
Retrogressive thaw slumps (RTS) are one of the most widespread thermokarst forms (Jorgenson and Osterkamp, 2005; Kokelj and Jorgenson, 2013; Krieger, 2012) . Along with other degradation landforms, like active layer detachments and gullies, RTS can affect up to 1 to 2% of continuous permafrost areas (Krieger, 2012) . RTS are widespread in the unlithified and ice-rich coastal parts of the western Canadian Arctic and are currently expanding in size and area (Lantuit and Pollard, 2008; Lantz and Kokelj, 2008; Pelletier and Medioli, 2014; Segal et al., 2016) . RTS systems are typically active over decades and continuously mobilize terrestrial OM from permafrost, which has major impacts on the environment (Lantuit and Pollard, 2008; Lantz and Kokelj, 2008) .
In this study, we investigate a coastal RTS located on Qikiqtaruk -Herschel Island (Yukon Territory, Canada) and its effects on OM characteristics. The objectives of this study are (i) to quantify and compare OM contents in undisturbed and disturbed (thermokarst affected) zones of a RTS, (ii) to assess the transformation processes of OM after disturbance, and (iii) to track the fate of terrestrial OM in the nearshore zone. We hypothesize that OM stored in undisturbed coastal parts is substantially altered by thermokarst formation before entering the nearshore zone. We further hypothesize that OM mobilized from permafrost is subject to substantial degradation.
Study area
Our study area is Qikiqtaruk -Herschel Island (69°34′N; 138°55′W) , which is situated approximately 2 km off the Yukon coast in the western Canadian Arctic (Fig. 1) . The climate is polar continental, with mean annual air temperatures between − 9.9 and −11°C (1970 to 2000) and precipitation between 161 and 254 mm year −1 (Burn, 2012) . The dominant wind direction is NW, with storms frequently observed in late August and September (Solomon, 2005) . Herschel Island is an ice-thrust moraine ridge formed by glaciers during the Late Wisconsin Glaciation (23 to 18 ka BP) and consists of unconsolidated and commonly finegrained former marine and glacigenic sediments (Blasco et al., 1990; Fritz et al., 2012) . The island is underlain by continuous permafrost and characterized by polygonal tundra, valleys, and a rolling landscape that reaches a maximum elevation of 183 m above sea level (de Krom, 1990; Rampton, 1982) . Permafrost on Qikiqtaruk is extremely ice-rich with mean ice volumes ranging between 30 and 60 vol%, and up to values N 90 vol%, when underlain by massive ground ice beds (Couture and Pollard, 2015; Fritz et al., 2015; Lantuit et al., 2012a) . The active layer depth generally ranges between 40 and 60 cm in summer (Burn and Zhang, 2009; Kokelj et al., 2002) . The vegetation on Qikiqtaruk is lowland tundra dominated by graminoids and dwarf shrubs, with a relatively species-rich forb flora and a well-developed moss layer (Kennedy et al., 2001; Myers-Smith et al., 2011; Smith et al., 1989) . The open water season for the Beaufort Sea is 3 to 4 months (Dunton et al., 2006) . Within that time frame, thermokarst and erosion processes affect the coastline and can trigger RTS. These systems are abundant on Qikiqtaruk and have doubled in area since 1950 (Lantuit and Pollard, 2008) . The mean coastal erosion rate is 0.45 m year −1 (between 1970 and 2000) , with strong erosion at sites with RTS systems and during storm events in autumn (Atkinson, 2005; Lantuit and Pollard, 2005; Obu et al., 2016; Solomon, 2005) .
Methods

Fieldwork and sampling
We sampled active layer and permafrost sediments within the RTS "Slump-D" and marine sediments of the nearshore zone in the summers of 2013 and 2014 ( Fig. 2) . A summary of metadata for the samples is available in the Supplementary material (Table A .1). The RTS was divided into different zones and subzones based on direct field observations and Normalized Differenced Vegetation Index (NDVI) values (see Supplementary material, Fig. A.1 ). The NDVI was derived from a highresolution multispectral satellite image (GeoEye, 1.84 m multispectral resolution, acquired on 2011-09-08). We used the framework suggested by Lantuit and Pollard (2008) and classified the RTS into an undisturbed zone and a disturbed zone, which was affected by thermokarst (Table 1, Fig. 2 ). The undisturbed zone was further classified into the subzones active layer (AL) and permafrost (PF), and the disturbed zone into mudpool (MP), transition zone (TZ) and slump floor (SF). Moreover, we defined the thaw stream (TS) as the main channel draining the disturbed zone. The marine area adjacent to the RTS was classified as nearshore zone, with marine sediments from a short core (MS-SC) and surface sediments (MS-SU).
In total, 136 samples were taken on land and offshore (Fig. 3 ). The sampling design was based on GeoEye imagery. A fishnet raster was applied to determine sampling sites and avoid biased sampling within the RTS. The sampling targeted the upper (10 cm) and lower sediment columns (30 cm) of the active layer, transition zone, and slump floor, which were all non-frozen at the time of sampling. Permafrost samples were taken vertically throughout the entire exposed profile at the headwall (up to~350 cm below surface). Mudpool samples were taken from below the surface and thaw stream samples at the mouth of the RTS just before entering the ocean. In addition to terrestrial samples from the RTS, 23 marine samples were taken along a transect 2 km perpendicular to the RTS (Fig. 3 ). Marine sediments from the surface of the sea floor (MS-SU; on average 6 cm thick) were taken at 50, 100, 400, 800, and 2000 m distance from the coast, with an additional short core (21 cm long) at 400 m distance (MS-SC).
A description of (cryo-)stratigraphy and vegetation was carried out at the sampling locations. Sediment samples from the active layer, mudpool, transition zone, and slump floor were taken with a stainless steel cylinder (6.3 cm diameter). Within the headwall, three permafrost profiles were sampled at different locations to a depth of 250 and 340 cm below surface using a rotary hammer (Hilti, Liechtenstein), axe and chisel. Thaw stream samples were taken using pre-cleaned HDPE bottles, after rinsing with sample material 3 to 5 times to avoid contamination, and were frozen until further processing. Marine sediments (MS-SC) were taken with a gravity corer (UWITEC, Austria) and a standard PVC tube (6.0 cm diameter). The 21 cm-long core was split in the field into 1 cm-thick slices. The additional marine surface sediments from the sea floor (MS-SU) were obtained with a Van Veen grab-sampler. Surface samples from sample MS-SU3 were taken from the upper 6 cm of the short core (MS-SC).
All samples were stored in plastic bags and the initial fresh weight was determined in the field. With the exception of marine sediments, all non-frozen sediments from active layer, mudpool, transition zone, and slump floor were treated on site with a soil moisture rhizon (0.2 μm pore size) to extract pore water and interstitial water. Abbreviations: AL, active layer; PF, permafrost; MP, mudpool; TZ, transition zone; SF, slump floor; TS, thaw stream; MS-SC, marine sediment from short core; MS-SU, marine sediment from surface, n = sample size. Permafrost and thaw stream samples were kept frozen and dark during transportation, marine sediments cooled and dark, until further hydrochemical and geochemical analysis in Germany.
Sedimentology, stratigraphy, and vegetation
Samples were wet-weighed, freeze-dried, and dry-weighed to assess the water and ice content. The TOC pool in kg C m −3 soil was quantified using a common methodology given by Strauss et al. (2012) . For ice-saturated permafrost samples (N20 wt%), we assumed that the ice content was equivalent to the pore volume (Strauss et al., 2012) . The ice volume (V ice ) was determined by multiplying the mass (m ice ) and volume of ice at − 10°C (ρ ice = 0.91 g cm −3 ; Lide et al., 2009 ). The TOC pool was estimated following Eq. (1), where ρ b the bulk density (g cm −3 ). The bulk density was estimated according to Eq. (2), with ρ s being the density of solids (g cm − 3 ), V p the pore volume (cm −3 ) and V s the volume of solids (cm −3 ).
The cryostratigraphical description of permafrost followed the common terminology of French and Shur (2010) . Vegetation descriptions were carried out on site and using photographs taken during fieldwork.
Organic matter
After freeze-drying and grinding the samples, total carbon (TC) and nitrogen (TN) contents were quantified using a Vario EL III elemental analyzer (Elementar, Germany). Total organic carbon (TOC) was analyzed with a Vario Max C analyzer (Elementar, Germany), including an automatic removal for inorganic carbon (carbonates). Stable carbon isotopes (δ 13 C-TOC) were analyzed with a DELTAplusXL Finnigan mass spectrometer (Thermo Fisher Scientific, Germany) coupled to a Carlo-Erba NC2500 elemental analyzer. Isotope signatures are reported in per mille (‰) against Pee Dee Belemnite (VPDB).
The total carbon and nitrogen pools were further characterized by selected fractions. Dissolved organic carbon (DOC) and dissolved nitrogen (DN) were measured on a TOC-L analyzer with a TNM-L module (Shimadzu, Japan). Samples were acidified with HCl (30% suprapur) prior to the measurement, and total inorganic carbon (TIC) was sparged out with synthetic air. Stable carbon isotopes of DOC (δ 13 C-DOC) were determined with a DOC analyzer Aurora 1030 (OI Analytical, USA) connected to a Delta V Plus isotope ratio mass spectrometer (Thermo Fisher Scientific, Germany) following the method described by St-Jean (2003) . Measurements were calibrated against the isotope standards USGS 40 (− 26.4‰ VPDB) and IAEA C6 (− 10.8‰ VPDB). Dissolved nitrite (NO 2 -N) and nitrate (NO 3 -N) were separated on a Hypersil 5 ODS column (125 × 4 mm −1 ) and analyzed with a diode array detector on a 1200 series HPLC (Agilent Technologies, USA). The carrier solvent was a solution of 5% methanol and 4 mM tetrabutylammoniumhydrogensulfate in water. Ammonium (NH 4 -N) was determined according to Krom and Berner (1980) . The detection of NH 4 -N was done with a spectral photometer at 655 nm (Genesys10-s, Thermo Spectronic, USA).
Lipid biomarkers from plant waxes were measured with a GC-MS system (GC: Trace GC Ultra; MS: DSQ, both Thermo Fisher Scientific, Germany). A detailed description of the biomarker extraction, fraction separation, and measurement procedure is described in Strauss et al. (2015) . The OM fractions used were n-alkanes, n-fatty acids, and nalcohols. Prior to the measurements, n-fatty acids were methylated with diazomethane and the alcohols were silylated with N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA). Quantification of n-alkanes, n-fatty acids, and n-alcohols was done using the software Xcalibur.
Statistics
We used a Mann-Whiney U test (α = 0.05) to identify whether the differences between the undisturbed and disturbed zone (excluding the thaw stream and marine sediments) were significant. The results are summarized in the Supplementary material (Table A. 2). Box-whisker plots illustrate the results, and give the median (middle whiskers), the range of values (lower and upper whiskers), the 25%-and 75%-quartiles (lower and upper ends of the boxes), and outlier values (black diamonds below or above the whiskers).
Transformation of organic matter
Dilution
We used a simple theoretical experiment to show the possible impact of melting massive ice on OC contents in the disturbed zone. For this approach, we assumed a non-conservative mixing from active layer, permafrost and massive ice sources, disregarding processes such as in situ production, flocculation and degradation of OM (Stedmon and Markager, 2005) . In addition to known DOC concentrations of active layer and permafrost (this study), DOC concentrations for massive ice (n = 16) were taken from Tanski et al. (2016) . The volume of each feature in the headwall was calculated using its height. Heights for active layer (n = 7) and permafrost (n = 3) were taken with a measuring tape and an active layer probe. The approximate height of the massive ice bed was derived from a photograph (see Supplementary material, Fig. A.2) . Ultimately, a weighted DOC concentration was calculated based on the volume of each feature and compared to the measured concentrations in the disturbed zone.
Degradation
We used several proxies for degradation in our study, including C/N-ratios, δ 13 C signatures, and inorganic nutrients in the form of NH 4 -N as indicators for turnover of OM and thus degradation. For three selected samples, we additionally used bulk biomarker measurements, which gave a rough estimate of OM quality and preservation.
The C/N-ratio and δ 13 C signatures indicate variations in bioproductivity, as well as OM preservation and degradation processes (Gundelwein et al., 2007; Kuhry and Vitt, 1996) . The combination of both were used as decomposition indicators of OM following the approach of Stevenson (1994) , which emphasizes changes in C/N-ratios after different OM components are selectively degraded.
Ammonification is the process of NH 4 -N release during the microbial mineralization of OM (Anand et al., 2011; Prosser, 1990) . High microbial activity is responsible for high concentrations of NH 4 -N at low temperatures (Atkin, 1996; Kawahigashi et al., 2004) . Therefore, we used NH 4 -N concentrations as an indicator for OM mineralization.
Biomarkers are commonly used to characterize OM degradation (Andersson and Meyers, 2012) . Based on the measurements of biomarkers (n-alkanes, n-fatty acids, and n-alcohols), we calculated degradation proxies, following the approach given by Strauss et al. (2015;  see Supplementary material A). Absolute lipid concentrations were used as a rough estimate of OM quality as follows: The higher the concentration, the better the conservation of the lipid, and the better the quality (i.e., less degraded) of the OM. Further, we used the carbon preference index (CPI), which gives the ratio of odd-to neighboring even-numbered alkanes, as an indicator for the alteration of OM (Bray and Evans, 1961) . For the calculation of the CPI, we used the improved formula according to Marzi et al. (1993) . In addition, we applied the CPI for fatty acids in which even-numbered fatty acids predominate over adjacent odd n-fatty acids. For n-alkanes, we used the C 23 -C 33 interval, for n-fatty acids the C 20 -C 34 . A low CPI means mature or degraded OM (e.g., CPI of crude oil~1). We also used hop-17(21)-ene as marker for estimating the maturity of the organic material. Hop-17(21)-ene is produced by bacteria. During degradation and diagenesis, the hop-17(21)ene will be transformed into saturated hopane (Luo et al., 2012) . Thus, in comparison with the other samples, a high hop-17(21)-ene is interpreted as a lower maturity of the OM. The average chain length (ACL) is a rough OC source parameter. A maturity proxy introduced by Poynter (1989) , the higher plant alcohol (HPA) index, used the ratio of the major even wax alcohols over the sum of major odd wax alkanes plus even alcohols. It was applied as an indicator for the chemical degradation of the wax components. The general assumption for this index is that it reflects the preservation degree of the OM due to the higher lability of n-alcohols in relation to n-alkanes. As the absolute lipid and hop-17(21)-ene concentration, the HPA ratio cannot be considered as an absolute index of degradation, but as an indicator of the relative amounts of the more labile fatty acids that remain in a sample. Since n-alkanes are preserved preferentially compared to n-alcohols, a decrease in this index indicates increased decomposition (Poynter, 1989) .
Fate of organic matter in the nearshore zone
Coastal sediments receive OM from autochtonous and allochtonous sources, which can be differentiated by their C/N-ratios and δ 13 C signatures (Lamb et al., 2006; Naidu et al., 2000) . Stable carbon isotopes are indicative of the initial contribution of different plant species and plant components and therefore its terrestrial origin (Gundelwein et al., 2007) . We used the combination of C/N-ratios and δ 13 C signatures in marine sediments as indicators of the terrestrial (allochtonous) and marine (autochtonous) origin of OM in marine sediments of the nearshore zone.
Results
Sedimentology, stratigraphy, and vegetation
Undisturbed zone
Soil profiles within the active layer are characterized by either undersaturated mineral sediments towards the outer parts or by water-saturated sediments towards the inner part of the RTS system. The median (and 25%-75%-quartile) water content is 30.8 wt% (20.0-50.5 wt%). Both soil types are composed of silty sediment that is well-rooted and underlain by a layer of silt and clay towards the permafrost table. The active layer has an average thickness of 40 cm (n = 10) ranging from 26 to 56 cm.
Permafrost is generally composed of silt and clay with an irregular reticulate cryostructure. Peaty inclusions and cryoturbation are common in the upper layer up to 1 m depth below surface. The profiles are icerich, with a median ice content of 57.1 wt% (38.7-64.2 wt%). Permafrost sediments are intersected by ice wedges and underlain by massive ice bodies from approximately 3 to 5 m below surface.
The undisturbed zone is characterized by tussock tundra. 
Disturbed zone
Sediments within the mudpool are water-saturated and consist of a mixture of greyish silt and clay. The median water content is 25.9 wt% (22.9-38.5 wt%). Occasionally, smaller peat patches are buried below the surface of the mudpool. Larger peat blocks (i.e., hummocks) collapse from the active layer into the mudpool during headwall retreat and are either transported with the thaw stream directly into the nearshore zone or are buried permanently within the transition zone and the slump floor.
The transition zone lies between the solidifying part of the mudpool and the accumulations in the slump floor. This zone is drier than the mudpool and more compacted. Sediments are similar to those in the mudpool but with a lower median water content of 21.5 wt% (17.1-23.8 wt%). Viscous mud is still prominent below the solidified surface. The surface of this zone supports a low vegetation cover. The abundant bare ground is covered by pioneer vegetation and characterized by Senecio congestus, Arctagrostis latifolia and an unidentified grass (cf. Poa pratensis ssp. alpigena), while mosses are sparse and lichens are absent.
The slump floor of the RTS is characterized by silty mineral sediments with higher OC contents (max.: 14.1 wt% TOC) when peat is buried. The median water content was 17.9 wt% (16.9-20.7 wt%). In some parts, older slump deposits are overflown by more recent mudflows draining the mudpool or are disturbed by small cracks, gullies, and channels. The vegetation changes drastically in the slump floor. In more recently disturbed areas, it resembles that of the transition zone, albeit with a denser vegetation cover and with Matricaria ambigua becoming abundant. Areas which were stable for a longer period host a more diverse vegetation, with nearly 100% cover. Shrubs (Salix arctica, S. reticulata), forbs (Aconitum delphinifolium, Astragalus umbellatus, Castilleja elegans, Dryas integrifolia, Equisetum arvense, Pedicularis spp.), and grasses (Arctagrostis latifolia) dominate. Mosses and occasional lichens (Cetraria cucullata) are also present.
Thaw stream and nearshore zone
The thaw stream is characterized by a steady water-saturated flow of fine-grained sediments. The median water content within the sediments of the thaw stream is 64.5 wt% (63.9-73.4 wt%). Discharge quantity is variable and affected by meteorological conditions, including solar radiation, temperature, and precipitation.
The marine sediments from the short core and the additional marine surface sediments show a texture ranging from muddy, fine sand with peat inclusions to silty, bioturbated mud with increasing distance from the shore.
Organic matter
The following section summarizes the results from the analyses of organic carbon (TOC, DOC), nitrogen (TN, DN), and inorganic nitrogen (DIN), including ammonium (NH 4 -N), nitrite (NO 2 -N), and nitrate (NO 3 -N), as well as biomarkers in the different zones of the RTS. A summary of the results for the zones and subzones is available in the Supplementary material (Table A. 2).
Total and dissolved organic carbon
TOC contents and pools are significantly different between the undisturbed and disturbed zone of the RTS (Fig. 4) . Whereas the median TOC content in the undisturbed zone is 4.7 wt% (2.2-8.8 wt%) and TOC pools 39.2 kg C m −3 (17.0-58.5 kg C m −3 ), they significantly decrease in the disturbed zone to 1.1 wt% (0.9-1.5 wt%; p = 0.0002) and 17.5 kg C m −3 (12.4-29.0 kg C m −3 , p = 0.007). Within the undisturbed zone, samples from the active layer and permafrost have similar TOC contents but the active layer has a much larger TOC pool than the permafrost (see Supplementary material, Table A .2). The TOC contents in the disturbed zone are similarly low in the mudpool, transition zone, and slump floor. The TOC pool increases with a decrease in water content towards the slump floor. In contrast to the disturbed zone, the TOC content of marine sediments in the nearshore zone remains stable at 1.4 wt% (1.1-1.9 wt%) within the short core (MS-SC) and 1.1 wt% (1.1-2.1 wt%) within marine surface samples (MS-SU). Elevated TOC contents are detected in MS-SU2 and MS-SU3 at 1.5 and 2.7 wt%, respectively, and in the lower part (19 cm) of the short core MS-SC at 2.4 wt%.
DOC shows a similar pattern as TOC, with median concentrations decreasing significantly (p = b0.0000) from 66.3 mg L − 1 (35.0-154.9 mg L −1 ) in the undisturbed zone to 26.5 mg L −1 (18.3-39.5 mg L −1 ) in the disturbed zone (Fig. 4) . Within the disturbed zone, DOC concentrations decrease from 36.9 mg L −1 (32.1-57.8 mg L −1 ) in the mudpool to 23.5 mg L −1 (15.9-35.0 mg L −1 ) in the slump floor. Similar low DOC concentrations are detected in the thaw stream, at 24.0 mg L −1 (18.6-25.8 mg L −1 ).
The calculated DOC concentrations from the dilution model give a value of 13.9 mg L −1 after theoretical dilution with melted massive ice (Table 2 ). This number is much lower than the median concentration in the disturbed zone (see above).
Total and dissolved nitrogen
TN contents are significantly different after disturbance. Statistically higher TN contents (p = 0.009) are detected in the undisturbed zone at 0.3 wt% (0.1-0.5 wt%) than in the disturbed zone at 0.1 wt% (0.1-0.2 wt%). For the active layer and permafrost, TN contents are similar but slightly higher in the active layer (Fig. 4) . Within the disturbed zone, TN contents are very similar at 0.1 wt% TN in all subzones. This continues in the nearshore zone with 0.1 wt% (0.1-0.2 wt%) for marine sediments (MS-SC and MS-SU). Elevated TN contents are detected in the lower part (19 cm) of the short core (MS-SC) at 0.2 wt%.
DN displays a different pattern (Fig. 4) . DN does not significantly differ between the undisturbed zone with 6.0 mg L −1 (1.8-11.1 mg L −1 ) and the disturbed zone at 1.7 mg L −1 (1.5-9.9 mg L −1 ), but varies considerably between and within the zones. Whereas values in the active layer are low at 1.7 mg L − 1 (1.4-2.7 mg L − 1 ) and narrow in their range of values, DN concentrations in permafrost are higher with 9.0 mg L −1 (7.2-12.7 mg L −1 ) and have a wider range. This contrast in values is similar in the disturbed zone, where DN concentrations are high in the mudpool at 8.3 mg L − 1 (7.1-13.7 mg L −1 ) and transition Fig. 4 . Box-whisk 1 er plot displaying the TOC and DOC contents (upper box-whisker plots) and TN and DN contents (lower box-whisker plots) in the undisturbed, disturbed and nearshore zone of the RTS; AL = active layer, PF = permafrost, MP = mudpool, TZ = transition zone, SF = slump floor, TS = thaw stream, MS-SC = marine shore core sediments, MS-SU = marine surface sediments; outliers are displayed as black diamonds; the asterisk (*) indicates significant differences (α = 0.05) identified by a Mann-Whitney U test between the disturbed and undisturbed zone excluding TS, MS-SC and MS-SU; for visual reasons the following outliers are not displayed: samples with TOC content levels N20 wt% (n = 1 in AL: 31.6 wt%), DOC concentrations N250 mg L −1 (n = 1 in AL: 417.6 mg L −1 ), and DN concentration N 25 mg L −1 (n = 2 in MP, max: 89.3 mg L −1 ; n = 5 in SF, max: 174.9 mg L −1 ). zone at 8.8 mg L −1 (7.1-15.6 mg L −1 ) and much lower in the slump floor with 2.1 mg L − 1 (1.3-4.4 mg L −1 ) and thaw stream with 6.1 mg L − 1 (5.7-6.6 mg L − 1 ). Despite the general low DN concentrations in the slump floor, several outliers reach peak values as high as 174.9 mg L −1 .
Dissolved inorganic nitrogen (DIN)
DIN concentrations are not significantly different (p = 0.1) between the undisturbed zone with 3.0 mg L − 1 (0.1-4.8 mg L − 1 ) and the disturbed zone with 1.6 mg L − 1 (0.2-5.8 mg L − 1 ), but decrease substantially and vary strongly within both zones (Fig. 5 ). In the undisturbed zone, practically no DIN is stored in the active layer, whereas almost the entire DIN is locked in permafrost at 4.7 mg L −1 (3.7-5.3 mg L −1 ). Within the disturbed zone, DIN values increase considerably in the mudpool to 5.2 mg L −1 (3.7-6.4 mg L −1 ) and the transition zone to 4.4 mg L − 1 (3.3-11.8 mg L − 1 ), and decrease sharply to very low concentrations in the slump floor at 0.5 mg L −1 (0.2-2.0 mg L −1 ). In the latter zones mentioned, the number of outliers increases with very high peak values up to 77.3 mg L − 1 in the transition zone and Fig. 5 . Box-whisker plot displaying the DIN and NH 4 -N concentrations (upper box-whisker plots), TOC/TN-and DOC/DN-ratios (middle box-whisker plots), as well as δ 13 C-TOC and δ 13 C-DOC concentrations (lower box-whisker plots) in the undisturbed, disturbed and nearshore zone of the RTS; for visual reasons, the following outliers are not displayed: samples with DIN concentrations N12 mg L −1 (n = 2 in TZ, max: 77.3 mg L −1 ; n = 5 in SF, max: 108.3 mg L −1 ), TOC/TN-ratios N45 (n = 1 in AL: 72; n = 1 in SF: 64), and DOC/DN-ratios N45 (n = 3 in AL, max: 107; n = 2 in SF, max: 51). 108.3 mg L −1 in the slump floor. The thaw stream has considerably high DIN concentrations of 4.2 mg L −1 (3.7-4.2 mg L −1 ) comparable to those of the mudpool and transition zone.
Statistically, there is no significant difference between the NH 4 -N concentrations of the undisturbed zone at 3.0 mg L −1 (0.1-4.8 mg L −1 ) and the disturbed zone at 0.3 mg L − 1 (0.2-3.3 mg L −1 ; Fig. 5 ), but other differences are substantial. Following the pattern of DIN, ammonium concentrations within the undisturbed zone are virtually zero in the active layer and higher in the permafrost at 4.7 mg L −1 (3.7-5.3 mg L −1 ). Within the mudpool, NH 4 -N concentrations increase to 5.2 mg L −1 (3.7-6.4 mg L −1 ). As DIN, ammonium concentrations decrease drastically towards the slump floor with an increase in the quantity of outliers with maximum values of 11.8 mg L −1 in the transition zone and 9.9 mg L −1 in the slump floor (see Supplementary material, Table A .2). Whereas in the transition zone NH 4 -N concentrations are still considerably high at 3.3 mg L − 1 (2.8-4.5 mg L −1 ), they are very low in the slump floor at 0.2 mg L −1 (0.2-0.4 mg L − 1 ). The thaw stream shows considerably high values of 4.2 mg L − 1 (3.7-4.2 mg L −1 ) comparable to those in the mudpool.
Median nitrite and nitrate concentrations are zero in all zones and subzones. Noticeable concentrations are detected only in the transition zone and the slump floor as individual outliers (e.g., 0.7 and 3.1 mg L −1 ; see Supplementary material, Table A .1). For NO 3 -N, the pattern is similar. Almost all samples have concentrations b0.1 mg L −1 . Only in individual samples of the transition zone and the slump floor concentrations of up to 76.6 and 107.9 mg L −1 NO 3 -N are detected, respectively (see Supplementary material, Table A .1).
C/N-ratios and δ 13 C
TOC/TN-ratios as well as DOC/DN-ratios are significantly different between the undisturbed and disturbed zone of the RTS (p = b 0.0000 and p = 0.0003, respectively). The TOC/TN-ratios decrease from 16 (12-18) to 8 (6-10) and DOC/DN-ratios from 15 (8-26) to 8 (5-14; Fig. 5 ). Generally, TOC/TN-ratios remain low at~8 within the disturbed zone, but are particularly lower for the dissolved fraction, with ratios of~5 in the mudpool, transition zone, and thaw stream. Slightly higher DOC/DN-ratios with a larger range of values are detected in the slump floor of 10 (6-15). In the marine sediments (MS-SC and MS-SU), TOC/ TN-ratios are similar as in the disturbed zone but with a very small range of values. An elevated TOC/TN-ratio of 15 is observed for MS-SU2 at a 100 m distance from the RTS. For stable carbon isotopes (δ 13 C-TOC), no significant differences are found (p = 0.06) between undisturbed and disturbed zone, with the majority of values ranging between approximately − 26 and − 28‰ (Fig. 5 ). Isotopic signatures differ little yet significantly (p = 0.005) for the dissolved fraction (δ 13 C-DOC), decreasing from −25.9‰ (−26.4 to −25.2‰) in the undisturbed to −26.4‰ (−27.3 to −25.9‰) in the disturbed zone.
Biomarkers
Biomarkers within the disturbed zone differ strongly between samples from the mudpool and the slump floor (Fig. 6) . Sample H12-01 from the slump floor is most likely a peat intrusion buried in the slump deposits, indicated by a much higher TOC content. Absolute lipid concentrations of n-fatty acids decrease strongly from the mudpool (~3500 μg g −1 TOC wt% ) to the slump floor (~2000 μg g −1 TOC wt% ) and are especially low in the buried peat intrusion at~1000 μg g −1 TOC wt% (sample H12-01). Concentrations of n-alkanes are much lower at 100 μg g −1 TOC wt% , but elevated in the peat intrusion at~800 μg g −1 TOC wt% . The CPI is similar for all samples, with much lower values for n-fatty acids (~8) than for n-alkanes (~30). Hop-17(21)-ene is low (close to zero) in both samples from the mudpool and the slump floor close to the cliff, but elevated in the peat intrusion to N200 μg g − 1 TOC wt% . The ACL is similar for all samples, with around 24 ± 0.2 (mean ± standard deviation) for n-fatty acids and 28 ± 0.1 for n-alkanes. The HPA shows no differences between the mudpool and the slump floor close to the coastal cliff, and is nearly 1. In the buried peat sample, the HPA is much lower at~0.2. Fig. 6 . Summary of biomarker data in three selected samples from the mudpool and slump floor; CPI = carbon preference index, HPA = higher plant alcohol, ACL = average chain length. Black crosses refer to the left y-axis, grey diamonds to the right y-axis.
Discussion
Transformation of organic matter in the disturbed zone
RTS formation at Qikiqtaruk is causing a substantial loss of organic carbon. TOC contents in the disturbed zone (excluding thaw stream and marine sediments) decrease by nearly 80%, with a loss of N 60% for DOC. For TN and DN, the loss is only slightly smaller at 53% and 48%, respectively. This is in good agreement with other studies conducted in the North American Arctic. show a TOC loss of 51% for the upper 35 cm by comparing tundra and slump deposits in upland permafrost regions in Alaska (USA). In the western Canadian Arctic, this is similar. Pizano et al. (2014) show that TOC pools in modern slump deposits are about three times smaller than in the undisturbed tundra, estimating a loss of 48 and 52% carbon and nitrogen, respectively. A completely different picture is given by Strauss et al. (2015) or Weiss et al. (2015) for the Siberian Arctic, where thermokarst deposits have higher TOC contents than the contributing disturbed organic-rich Yedoma deposits, probably due to the concentration of redeposited OC. However, thermokarst deposits in these studies originate from drained, refrozen and stabilized lake basins and cannot be directly compared.
Processes after initial slumping
Within the mudpool, the initial slumping triggers a set of simultaneous processes, transforming and altering the geochemical characteristics of OM drastically. A major process is the dilution and mixing with melted massive ice beds that underlie the RTS or ice wedges that intersect the permafrost exposures in the headwall. Both consist of nearly pure ice (~99%), contain very low amounts of OC, and take up~28% of the total sediment volume at our study site (Couture and Pollard, 2015; Fritz et al., 2015; Tanski et al., 2016) . With initial slumping, the massive ice melts and dilutes OC derived from the active layer and thawed permafrost, partially explaining the loss of OC in the disturbed zone. Although we only used a simplified theoretical approach, it shows that OC originating from the active layer and permafrost is probably highly diluted with water from melted massive ice, which could be one explanation for the abrupt OC decrease in the disturbed zone. This dilution effect probably has a similar impact on nitrogen, but no data for massive ice are available.
Contemporaneous to dilution within the mudpool, particulate organic carbon (POC) is likely subject to leaching and degradation processes and is transferred to the DOC pool, due to prolonged contact of water with the surrounding sediment (Fritz et al., 2011; Zimov et al., 2006) . This is indicated by a stronger decrease of overall TOC rather than of DOC concentrations. Leaching of POC is supported by the studies of Artinger et al. (2000) , who reported that DOC in the form of humic acids can originate from sediment OC, as well as by Dou et al. (2008) who showed that different solutions have the potential to leach DOC from POC. Tanski et al. (2016) showed a very strong correlation between sediment contents and DOC concentrations within massive ice, most likely due to prolonged contact of meltwater during segregation. Also, showed that DOC can be taken up by water flowing over thermokarst into the ocean. Melting snow patches that remain on the inclined surface of the massive ice bed, which can remain throughout the summer, could further facilitate the leaching process due to its initial purity and low ion content (Fritz et al., 2015) . Guo et al. (2007) showed that during snowmelt fresh litter from plants is subject to intensive leaching, which is accompanied by the dissolution of ions from sediment particles (Fritz et al., 2015) .
Right upon slumping, OM is potentially subject to rapid degradation due to mineralization by microorganisms. This is indicated by a significant decrease of C/N-ratios from 16 to 8 (TOC/TN) and 15 to 8 (DOC/DN). POC fractions within the TOC pool which are subject to less degradation, could be sorbed to mineral particles and protected by organo-mineral bonds, potentially stabilizing OM (Höfle et al., 2013; Huguet et al., 2008; Keil et al., 1994) . The narrow ratios, especially for the DOC fraction in the mudpool and transition zone, reflect the high mineralization rates of OM. DOC/DN-ratios in the thaw stream are extremely low (4) indicating strong mineralization, which is typical for aerobic streams draining permafrost areas Vonk et al., 2013) . However, in contrast to C/Nratios, degradation is not reflected by δ 13 C-TOC and δ 13 C-DOC signatures, which did not change considerably in the disturbed zone.
Besides lower C/N-ratios and δ 13 C-DOC values an increase of DIN (mainly consisting of NH 4 -N) accompanied by a decrease of TN in the mudpool indicates active degradation of OM accompanied by the liberation of NH 4 -N (Ladd and Jackson, 1982) . A major portion of NH 4 -N is however provided by thawing permafrost, where it was preserved in a frozen state (Jorgenson and Osterkamp, 2005; Mikan et al., 2002; Wilhelm et al., 2012) . After thaw, this formerly preserved NH 4 -N is diluted with melted massive ice and accumulates in the mudpool, where it mixes with freshly mineralized NH 4 -N after permafrost thaw. This is supported by studies from Mackelprang et al. (2011) , who showed a rapid shift and increase of ammonification genes within the first week of permafrost thaw, increasing NH 4 -N-concentrations. A fast ammonification process is typical for soils with low temperatures and tendencies towards anaerobic conditions, which are given in the water-logged mudpool (Cray and Pollard, 2015) . The elevated DIN concentrations and low DOC concentrations are in good agreement with Abbott et al. (2014) , who showed that the presence of labile DOC fractions, which we assume for the mudpool, are accompanied by higher DIN concentrations.
Several studies have proposed that DOC components are more labile than POC, as the DOC contributed from permafrost was possibly unprocessed before mobilization and consisted predominantly of labile low-molecular-weight and few aromatic compounds Waldrop et al., 2010) . This degradation process most likely causes the formation of greenhouse gases (Schaefer et al., 2014; Schuur et al., 2015) . Knoblauch et al. (2013) showed that the highest OM mineralization rates and CO 2 production were found directly after permafrost thaw and projected a loss of initial OC of 15% within 100 years. showed that large quantities of CO 2 and CH 4 can be emitted from exposed mineral soils during thermokarst formation in comparison to undisturbed tundra. In addition, emission of nitrous oxide (N 2 O) produced by microorganisms during denitrification is reported for disturbed permafrost soils, in particular those without active vegetation (Elberling et al., 2010; Repo et al., 2009) .
Processes during slump stabilization
Within the disturbed zone, overall TOC and TN remain stable after decreasing strongly following initial slumping. The TOC pool, however, increases within the slump floor, probably due to compaction of sediments, concentration of mobilized OC and additional input from modern OC sources and vegetation (e.g., Strauss et al., 2015) . Lantuit et al. (2012b) showed that the shear strength of the sediment in the disturbed zone was three times that of the undisturbed one, reflecting substantial compaction of the sediment. DOC gradually decreases further towards the slump floor, with DN and DIN concentrations decreasing rapidly from the transition zone to the slump floor. A major portion of DOC and DN is probably exported with the thaw stream into the nearshore zone, while draining the slump floor. This is indicated especially by elevated DN and DIN concentrations in the thaw stream, comparable to those measured in the mudpool, and the gradual decrease in water contents towards the slump floor. This is in good agreement with the high nutrient loads (e.g., sulfur, calcium, magnesium, ammonium) that have been observed in thaw streams from different thermokarst features in upland regions of the western Canadian Arctic and Alaska (e.g., Malone et al., 2013) . The stabilization and recolonization of vegetation is most likely connected to a loss of labile DOC fractions (Abbott et al., 2014) , probably turning the slump floor into a pool of recalcitrant DOC.
Our results show a loss of lipids from the mudpool to the slump floor towards the coastal cliff, indicating degradation of OM. However, low n-alkane concentrations do not reflect degradation from fatty acids into alkanes, indicative of degradation (Routh et al., 2014) . For the peat intrusion this is different. The HPA, which gives an indication of the relative amount of fatty acids remaining in a sample (Routh et al., 2014) , shows that buried peat was probably highly degraded. Low n-fatty acids correlate with high n-alkanes, indicating OM degradation in the buried peat in the slump floor, which most likely originated from the cryoturbated upper permafrost layer and is subject to humification in the disturbed zone (Andersson and Meyers, 2012) . This is typical for humic TOC portions (Gustafsson et al., 2000) . This pattern is similar for hop-17(21)-ene, supporting especially the degradation of buried peat, whereas OM in the mudpool and slump floor was better preserved. However, the ACLs are similar in all three samples and justify the assumption for same OM source for CN and absolute n-alkanes. In general, there is no visible trend of OM degradation within the disturbed zone indicated by the biomarkers, with exception of the buried peat intrusions.
After initial slumping, plants recolonize the disturbed zone -more sparsely in the transition zone, and more densely in the slump floor. Upon RTS formation, nutrients in form of nitrogen that were immobilized and preserved within the permafrost become available and can be fixated by pioneer vegetation (Cray and Pollard, 2015; Forbes and Jefferies, 1999) . Early colonizers of the RTS include strongly nitrophilous grasses, which thrive on the increased bioavailability of nitrogen in newly disturbed bare ground and facilitate the DN decrease. In comparison, strong competition for nitrogen limits its bioavailability in mature vegetation in the undisturbed zone. In stabilized parts of the slump, the vegetation composition shifts towards taxa with more effective nitrogen uptake. Nitrogen-fixing legumes such as Astragalus spp. and Lupinus arcticus and ectomycorrhizal dwarf shrubs such as Salix arctica are abundant in older deposits of the slump floor. These vegetation recolonization patterns can be considered typical for RTS. Areas that stabilized roughly within the last 10 to 20 years are colonized by nitrophilous grasses (Alopecurus alpinus, Poa arctica, Puccinellia arctica, Puccinellia spp.) and forbs (Artemisia alaskana, A. arctica, A. tilesii, Matricaria ambigua, Cochlearia officinalis; Billings and Peterson, 1980; Cray and Pollard, 2015; Gill, 1973; Hernandez, 1973; Lambert, 1972) . Elements of the mature vegetation, like S. arctica, are transported into the slump floor and re-establish there. Cray and Pollard (2015) showed that older slump floor deposits (~250 years) are dominated by willows (Salix arctica, S. pulchra, S. reticulata) and legumes (Astragalus alpinus, Oxytropis spp.).
With stabilization of the slump floor, NH 4 -N concentrations decrease and NO 3 -N concentrations increase in individual samples. This shift is accompanied by a decrease in soil water and an increase in vegetation coverage. Within the disturbed zone, nitrite and nitrate concentrations are generally extremely low (as well as in the undisturbed zone). Noticeable nitrate concentrations are only observed as individual outliers (see Supplementary material, Table A .1). These nitrate "pockets" are detected in slump parts that have moved relatively quickly (i.e., mudflows) or in cracked surfaces, and profiles characterized by lenticular space within the clayish sediments. In these features, oxygen supply has probably supported nitrification.
OM that has not been subject to degradation or long-term accumulation in the slump floor is transported offshore into the nearshore zone by the thaw stream or erosion of the cliff (i.e., vertically exposed slump floor). Cliff erosion at the shore line currently progresses at rates of 0.6 to 0.9 m year −1 (1970 to 2000) and is projected to continue (Lantuit and Pollard, 2008) . Active slumps can have extremely high rates (N20 m year −1 ) of erosion, but also progradate into the nearshore zone (Lantuit and Pollard, 2008; Obu et al., 2016) . 5.2. Fate of organic matter in the nearshore zone TOC contents are slightly higher in marine sediments from the nearshore zone than in terrestrial sediments from the disturbed zone. This is probably caused by additional input from autochtonous marine sources, which is typical for nearshore zones and estuaries (Carmack and Macdonald, 2002; Dunton et al., 2006) . In general, the sediments of the nearshore zone at Qikiqtaruk are of terrestrial origin, revealed by C/ N-ratios and δ 13 C signatures (e.g., Lamb et al., 2006 and reference therein) , which was also shown for the rest of the Yukon coast (Couture, 2010) . In addition, Vonk et al. (2012) showed that surface sediments in the nearshore zone of the East Siberian shelf are dominated by Yedoma deposits (57 ± 1.6%), followed by marine and planktonic OC (26 ± 8.0%), and topsoil permafrost OC (16 ± 3.4%), with δ 13 C signatures showing a distinct terrestrial signal between − 25 and − 28‰, comparable to those in our study. Freshwater DOC and POC, as well as C 3 land plants are probably the main sources of OC in close proximity to the RTS (50 to 400 m). Field observations showed that collapsing tundra hummocks are transported along with the thaw stream and are deposited directly on the shore, where they are leached by seawater and broken down by wave action, their remains partially buried in marine sediments. Fresh water algae becomes present at 800 to 2000 m distance from the RTS and in the lower part (N6 cm depth) of the short core, probably due to a mix of autochtonous production within the brackish water column and the influx of allochtonous terrestrial sources from the coast, rivers, or sea ice (Matthiessen et al., 2000; Poulin et al., 2014) . The influence of the Mackenzie River inflow in the eastern part of the Yukon coast is particularly strong and is probably an additional source of terrestrial OM at the study site (Carmack and Macdonald, 2002) . Whereas the particulate fractions (POC) are mostly deposited before reaching Qikiqtaruk, the influx of DOC is likely to be substantial (Macdonald et al., 1998) . The thaw stream provides mainly freshwater POC and microorganisms as a point source. Sediments provided by the thaw stream or erosion along the RTS cliff accumulate with sedimentation rates between 0.1 and 2.0 mm year −1 (Harper and Penland, 1982) . POC fractions are likely to settle quickly due to their higher weight (Gustafsson et al., 2000) . Depending on the oxygen availability, terrestrially derived OM from the slump can be stabilized and preserved for longer time scales in marine sediments under anaerobic conditions (Walter et al., 2007) . However, all marine sediments and OC in the water column at water depths less than 30 m can be affected by wave erosion, resuspension or ice-scouring, and thus long-term accumulation of OM may be limited Macdonald et al., 2015; Reimnitz et al., 1987; Vonk et al., 2012) . Further offshore, the contribution of autochtonous sources increases gradually along the narrow shelf and towards the Alaskan Beaufort Sea and Chukchi Sea, where autochtonous production dominates (Naidu et al., 2000) . However, terrestrial OM can even be transported to the shelf edge and beyond into deep water basins, where it can be stored for millennia (Belicka et al., 2002; Forest et al., 2007; Letscher et al., 2013; O'Brien et al., 2006) .
Environmental impact of the RTS
RTS play an important role for the transformation of OM, as carbon losses are even higher than in other thermokarst features such as landslides and gullies . RTS developing in fluvial and lacustrine Holocene deposits potentially release even more OM than morainal deposits, as TOC contents are much higher in these landforms (Couture, 2010) . Disturbance also results in a long-term shift of terrestrial environments within the coastal fringe, as recolonization of plants can take decades and even centuries, leaving bare ground that is more susceptible to erosion (Cray and Pollard, 2015) . RTS formation could also have profound impacts on biogeochemistry and food webs of aquatic systems, as they provide substantial quantities of OM and nutrients such as nitrogen or sulfur from a point source Malone et al., 2013; Moquin et al., 2014) . For our study site, Dunton et al. (2006) showed that fish species can take up substantial amounts of carbon contributed from peat. Especially in the late season when river discharge is low and RTS activity is at its peak, this could play an important role. Moreover, as fresh water sources among rivers, sea ice and glaciers, RTS could potentially alter the stratification of the water column and thus impacting circulation patterns (Aagard and Carmack, 1989; Davis et al., 2016; Nummelin et al., 2015) .
Conclusion
Terrestrial organic matter mobilized from active layer and permafrost during RTS formation is subject to substantial transformation processes in the disturbed zone before entering the ocean. TOC and DOC losses of 77% and 55% as well as TN and DN losses of 53% and 48%, respectively, occur between the undisturbed and disturbed zone. In contrast to the extensive OM loss, DIN concentrations increase, mainly in the form of NH 4 -N, which originated partially from microbial ammonification. Geochemical characteristics of OM within RTS features are strongly altered by dilution with melting massive ground ice, leaching, degradation due to microbial mineralization, immediate offshore transport and drainage via thaw streams, as well as plant uptake during vegetation recolonization. Major portions of OM are diluted and transported with the thaw stream into the nearshore zone. In the mudpool and thaw stream, OC is most likely quickly mineralized, which is probably accompanied by greenhouse gas emissions. In the slump floor, degradation occurs only in buried peat patches. Within the nearshore zone, vast portions of the OM accumulate in the vicinity of the RTS, where it can be buried on long-term timescales, resuspended and subjected to further mineralization, transported offshore and accumulated on the shelf, or even transported further into deep basins and buried for millennia. The Beaufort Sea, with its ice-cored permafrost coasts is particularly prone to the occurrence of thermokarst and could witness large OM fluxes into the nearshore zone impacting the coastal ecosystem.
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